We grew graphene epitaxially on 6H-SiC(0001) substrate by the simulated annealing method. The mechanisms that govern the growth process were investigated by testing two empirical potentials, namely, the widely used Tersoff potential [J. Tersoff, Phys. Rev. B 39, 5566 (1989)] and its more refined version published years later by Erhart and Albe [Phys. Rev. B 71, 035211 (2005)]. Upon contrasting the results obtained by these two potentials, we found that the potential proposed by Erhart and Albe is generally more physical and realistic, since the annealing temperature at which the graphene structure just coming into view at approximately 1200 K is unambiguously predicted and close to the experimentally observed pit formation at 1298 K within which the graphene nucleates. We evaluated the reasonableness of our layers of graphene by calculating carbon-carbon (i) average bond-length, (ii) binding energy, and (iii) pair correlation function. Also, we compared with related experiments the various distance of separation parameters between the overlaid layers of graphene and substrate surface.
I. INTRODUCTION
The discovery of graphene has revolutionized our viewshed of materials science. This truly two-dimensional (2D) monolayer nanostructure which composes of carbon atoms has great impact on such diversified disciplines as physics, chemistry, material engineering, bio-and nano-science. Graphene has attracted so much attention of researchers in recent years due mainly to its unique electronic and mechanical characteristics. Notable electronic properties include the high electrical conductivity (typically ∼2 m −1 ) 1-4 or high carrier mobility 5, 6 (typically ∼(2-5) × 10 3 cm 2 V −1 s −1 but value as high as 2 × 10 5 cm 2 V −1 s −1 has been reported also 7 ) , extremely large thermal conductivity (∼(3-5) × 10 3 W m −1 K −1 ) 8, 9 etc., whereas the most unusual mechanical properties are the ultrathin feature (single-layer graphene with an effective thickness ∼6 Å) possessing yet an extremely hard strength [10] [11] [12] [13] [14] [15] [16] (intrinsic strength around 130 Gpa or Young's modulus value around 1 Tpa). Because of these extraordinary properties and the potentially wide technological applications in nanoelectronics, 17, 18 photodetectors, 19 imaging substrates, 20 sensors, 21 batteries, 22, 23 ultracapacitors, 24 bioscience 25 etc., the quest for producing high-quality, defectfree, and large-area single-crystal graphene has become one of present-day scientific pursuits.
In view of its fascinating properties and the envisioned technological applications, a flurry of research activities has in recent years spawned on finding the growth mechanisms of graphene. Experimentally, several methods are reported a) Author to whom correspondence should be addressed. Electronic mail:
sklai@coll.phy.ncu.edu.tw to have produced high quality graphene layers. The exfoliation of highly oriented pyrolitic graphite 1-3, 26 is one popular method. In this method, the strategy is basically mechanical as in peeling off layers with scotch tape. Another, so-called epitaxial graphene technique, the strategy involves graphitization of silicon carbide (SiC) by heating SiC surfaces, [27] [28] [29] decomposing and sublimating Si atoms in high temperature annealing and ultrahigh vacuum environment. Despite their identical atomic structures, there have been several discussions in the literature 6, 30 raising the question of the disparity in electronic properties between graphenes grown by the exfoliated and epitaxial methods. Accordingly, the underlying mechanisms behind graphene formation, especially the microscopic properties of samples, remain an issue of both experimental and theoretical concern. To gain insight into the growth of epitaxial graphene, Hannon and Tromp 31 studied the formation of graphene using the low-energy electron microscopy. They imaged the Si face of Si-terminated 6H-SiC(0001) focusing on how the carbon or C-rich 6 × √ 3 buffer layer forms. They observed that prolonged high temperature annealing at 1298 K in vacuum has resulted in the formation of smooth steps with a step height of about 8 Å as measured by them using the atomic-force microscopy. This step height is very close to three SiC bilayers (7.5 Å) . This terracing feature gives rise to the formation of pits which has been reported previously also by Derycke et al. 32 and Gu et al. 33 and subsequently by Bolen et al. 34 to hinder the epitaxial growth of flat graphene layers at temperatures below 1473 K. Using transmission electron microscopy and scanning tunneling microscopy (STM) experiments, Borysiuk et al. 35 observed, as in the theoretical calculations of Varchon et al., 36 carpetlike corrugation panorama of graphene layers. A conclusion drawn from them is that the first layer of carbon atoms which is about 2 Å above the Si surface of 4H-SiC, gives a concrete evidence of strong directional bondings between carbon atoms and Si surface of the 4H-SiC(0001) substrate; these robust interactions can modify the properties of next graphene layers above. 37, 38 Very recently, Poon et al. 39 dissected experimentally the mechanisms of graphene growth by the STM. Their more quantitative results appear in line with the experiments of Hannon and Tromp 31 and Bolen et al. 34 Poon et al.'s analysis of the graphene growth rules out, however, the possibility of onelayer graphene grown on 6H-SiC surface without the presence of a C-atom buffer layer, thus disagreeing with the molecular dynamics (MD) simulation of Tang et al. 40 and Jakse et al. 41 who reported that monolayer graphene can be grown from two C-rich monolayers on 6H-SiC. We should mention moreover at this point the simulation works of Lampin et al. 42 who obtained a value 1.68 Å for the distance of separation between the C-atom graphene layer and the top Si atoms of 6H-SiC. The findings of Lampin et al. apparently imply a stronger bonding than that observed experimentally by Borysiuk et al. 35 and that calculated theoretically by Varchon et al. 36 employing the density functional theory (DFT).
In the present work, we address these questions of debate by means of numerical simulations which we carried out at atomic scale. To our best knowledge, the use of computer simulation to study the formation of epitaxial graphene is still primitive and limited, for several of the most recent works such as those of Tang et al., 40, 43 Lampin et al., 42 Jakse et al., 41 and Hwang et al. 44 who touched on the same related themes of epitaxial growth of graphene were published only within the last four years. Accordingly, we perform as in Refs. 40 and 41 the classical MD simulations for the single graphene sheet on 6H-SiC(0001) substrate but extending here also to include multi-layers of graphene whose morphologies allow us to examine their in-plane and inter-planar structural properties.
To proceed to more in-depth investigation, we use two empirical potentials to describe the interactions among carbon and silicon atoms in the SiC system, namely Tersoff potential [45] [46] [47] [48] [49] already used in Refs. 40 and 41 and a more refined one proposed years later by Erhart and Albe. 50 We evaluate the suitability and reasonableness of these two potentials in the study of graphene growth by employing them in simulated annealing and examining the grown epitaxial graphene on 6H-SiC substrate. For this purpose, our simulation strategy is to first consider the one-sheet graphene "buffer" layer and then two sheets of graphene with the second graphene layer overlaid atop the buffer layer. As we shall see below, the Tersoff-type potential of Erhart and Albe (hereafter referred to as TEA) gives a more physical description of the computer-simulated graphene sheet when compared with the tight-binding 51 and ab initio 52 calculations as well as the graphene characteristics inferred from experiment. 35 Specifically, the TEA potential yields a better graphene formation temperature since, at this temperature, our simulation data predict the emergence of graphene layer which is reminiscent to the formation of pits in epitaxial graphene experiment. 31 Our results with the TEA potential show furthermore that the second layer of graphene is more stable than the first graphene buffer layer. While the latter is tightly bound to the Si face of 6H-SiC substrate with an average inter-planar distance of 2.37 Å, the second layer is only weakly coupled to the graphene buffer layer with an average inter-planar distance of 3.13 Å. Considering our use of an empirical potential, these inter-layer distances are reasonable for they capture the qualitative characteristics observed in recent epitaxial experiments. 35, 37 The layout of the paper is the following. In Sec. II A we present the two Tersoff-type empirical potentials describing briefly the underlying physics and chemistry in a same general expression. Then, in Sec. II B, we draw attention to the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) software 53 that we employed for all of our simulations. We describe briefly in this subsection how a Si-terminated 6H-SiC substrate is to be constructed and substituted into the software for an efficient MD simulation. In Sec. II C, we give an account of the strategy and technical details that we used to mimic the experimental environment of the desorption of Si atoms from SiC substrate. The procedure for the simulated annealing technique follows in Sec. II D. The latter process is applied to study the growth of graphene layers on the 6H-SiC substrate surface. A systematic analysis of the simulation results is given in Sec. III. Here we first evaluate the reasonableness of the two Tersoff-type potentials by comparing them with ab inito calculations, and then proceed to examine the morphology of the graphitic structures. The C-C average bond-length, binding energy, and pair correlation function are quantities used for assessing the quality of our grown layers of graphene. Finally, in Sec. IV, we summarize all our findings in this work.
II. MODELING AND SIMULATION STRATEGIES

A. Methodology: Empirical potential
To perform MD simulation on the SiC substrate, we describe first of all the interactions among C and Si atoms. In the present work, we employ the widely used semi-empirical Tersoff potential [45] [46] [47] [48] [49] and its more refined form proposed by Erhart and Albe. 50 As it was pointed out in some very recent works 46, 50 that have evaluated these empirical potentials, the choice of the bond order (Eq. (7)) to account for the interactions between carbon and silicon atoms in SiC is crucial. In Sec. III A 1, we will compare the results obtained by these potentials, and study the factors that govern the formation of graphene sheets.
A general expression of the empirical potential applicable to Tersoff or TEA is given by
where E i is the total potential energy for an atom at site i,
in which f C is a cutoff function varying continuously from 1 to 0 around the position (S ij +R ij )/2 of the first-neighbor shell.
Following Tersoff, 46, 47, 49 we choose
where i or j stands for atom C or Si, r ij is the ij bond-length distance, and S ij = (S i S j ) 1/2 and R ij = (R i R j ) 1/2 are the positions of the outer and inner ranges, respectively. The S ij and R ij therefore define the cutoff distance around (S ij -R ij )/2 for atoms located at the first-neighbor shell. In Eq. (2), the first and second terms in the squared brackets are the repulsive and attractive parts, respectively. These quantities are expressed in the form of Morse potential appropriate for multicomponent system, viz.,
In Eq. (4), the coefficients are defined by
1/2 , whereas coefficients in the exponents are λ ij = (λ i + λ j )/2 and μ ij = (μ i + μ j )/2. A brief description of these various parameters in Eqs. (2)- (4) is in order. In the first place the coefficient a ij is proposed 46, 47 to have a general form
in which
where m is an integer, ν ij = (ν i +ν j )/2 which is a constant parameter introduced to allow the possibility of treating drastically different atoms. 47 The choice of α i in Eq. (5) depends on η ij whose values are (exponentially) large only for calculations that go beyond first-neighbor shell. Since we shall restrict in the present work to only the first-neighbor shell, α i is therefore anticipated to be sufficiently small that it is reasonable to set ν ij = 0 and hence a ij = 1. Note that the same approximation a ij = 1 is used in the TEA potential. 50 Turning to b ij , it measures the bond order describing the coordination of atoms i and j. It has been cast 46, 47, 49 also in the most general form
where the parameter χ ij plays the role of strengthening or weakening the heteropolar bonds, relative to the value estimated by interpolation, and
in which is contained the three-body interaction function
In Eq. (9), θ ijk is the bond angle between bond ij and any atom at k ( =i,j) bonded with atom i forming bond ik, and constants γ ik , c ik , d ik , and h ik are accordingly determined by three-body interactions. We should comment at this point the Tersoff potential 49 (in LAMMPS software). This potential considers parameters γ ik , c ik , d ik , and h ik as depending only the atom on site i, i.e., writing γ i , c i , d i , and h i independent of any atom at site k. This replacements are, however, an approximation since these parameters account for all possible three-body interactions, namely C-C-C, Si-Si-Si, C-C-Si, C-Si-Si, Si-Si-C, Si-C-C, Si-C-Si, and C-Si-C; the θ ijk in Tersoff potential has approximated Si-C and C-Si by Si-Si and C-C, respectively, in the summation over k = i in Eq. (8) . The TEA potential, 50 on the other hand, has taken into account this bonding factor explicitly by fitting these parameters to cohesive energies and bond-lengths of several highsymmetry structures as well as to the elastic constants of the ground-state structures. Physically ς ij gives contributions of all other bonds which are indexed by k to atoms i and j, besides the ij bond; both the bond angle and bond length ik must thus be explicitly included. Note that in all of equations above the parameters with singly subscripts denote the type of atom, C or Si. In the following, we shall apply Eqs. (1)- (9) which are well coded in the LAMMPS software 53 for these two versions of Tersoff potentials. The first version follows one of the previous papers of Tersoff 49 and the second one that of Erhart and Albe. 50 We should mention that the quantities A ij , B ij , λ ij , and μ ij above in the TEA potential are fitted to measured values of the dimer energy and bond length, such as the equilibrium bonding distance r (0) ij in Eq. (4) . Further details of the parameters in these two versions of potentials are listed in Table I .
B. Construction of the 6H-SiC substrate
To conduct efficient MD simulations with the LAMMPS software, 53 we find it advantageous to prepare a 6H-SiC(0001) substrate, substitute it in LAMMPS and then apply the simulated annealing procedure. Two separate MD simulations are performed, employing in one the Tersoff potential and in another the TEA potential.
To begin with, we describe in the first place how the 6H-SiC substrate is constructed from the NRL structure database available online. 53, 54 There are 12 atoms in a single unit cell. In Figs. 1(a)-1(c) , we show the substrate construction sequence for the Si-terminated 6H-SiC(0001), which is characterized by six hexagonal layers repeated periodically in the (0001) direction. Each hexagonal layer is a bilayer, composing in one of Si atoms and the other of C atoms. When viewed in the direction of zy-plane, the stacking of 6H-SiC along the y -axis (see Fig. 2 ) runs as ABCABC. . . (Fig. 1(c) ), whereas when viewed in the zx-plane direction along the x-axis, it runs as ABCACB,. . . (Fig. 1(b) ). The SiC substrate as a whole TABLE I. Parameters used for carbon, silicon, and silicon carbide in MD simulation for Tersoff [49] and TEA [50] potentials. Explicit definition of these parameters are described in text. The bond order parameters γ ik , c ik , d ik, and h ik in the three-body interactions (Eq. (9)) are crucial in the present simulated annealing method. They are more quantitatively fitted to experimentally observed values for the TEA potential (see text).
Tersoff potential TEA potential assumes the orthorhombic structure which is shown in Fig. 2 for the Si-terminated 6H-SiC(0001). The actual dimensions xy z of our orthorhombic substrate are thus 33.88 × 33.88 × 15.12 Å 3 . We note that the use of a proper thickness Z (in units of 15.12 Å) without affecting the growing process is important. We found here that for growing onelayer graphene Z = 1 is sufficient and for two-layer graphene Z = 2 is needed due to the procedure of removal of Si atoms as described below.
C. Preparation of carbon-rich layers
In our simulations of graphene by the epitaxial method, we need first to prepare the initial position coordinates of carbon atoms at sites in the near surface region of 6H-SiC substrate in order to mimic the experimental set up of desorbing Si atoms in high temperature annealing and high vacuum. Let us begin with the growing of one-layer graphene. Two Crich monolayers are obtained by removing Si atoms directly from the top two SiC bilayers of 6H-SiC substrate. This procedural preparation of C atoms does not lead to a complete graphene coverage based on a stoichiometric consideration. 39 Nonetheless, the partial coverage obtained in this manner allows a better understanding of the growth as well as the morphology of graphene sheets. The same strategy can be applied to the growth of two-layer graphene where we extract four monolayers of Si atoms from the top four SiC bilayers.
FIG. 1. Diagrams viewing in the directions of z-x and z-y planes of Si-terminated 6H-SiC substrate. For illustration, the unit cell of 12 atoms is depicted in (a) with yellow color balls for Si atoms and cyan for C atoms, and is repeated 4 times first along the x-direction shown in (b) and then the set of four unit cells is repeated also 4 times along the y path that subtends at an angle 60 o north of x-axis (see (c) and Fig. 2 ). The grey balls in (a)-(c) are Si atoms which repeat periodically the Si atoms on top. The distance between Si-Si (C-C) is 3.08 Å in both (b) and (c). In the z-direction, the distance between Si-Si (C-C) is 2.52 Å, whereas between Si-C it is 0.624 Å and 1.896 Å for the intra-and inter-bilayer, respectively. J Fig. 1 .
Before proceeding, we digress for two further remarks. The first is the growth of one layer graphene. As mentioned above, the stoichiometry alone requires three SiC bilayers for the growth of one layer graphene. This would mean that our preparation of the initial configuration of C-rich atoms would have to start by removing three sheets of Si atoms from the top surface of 6H-SiC substrate. Doing so the initial configuration of C atoms then consists of a C-rich bilayer and a monolayer of C atoms resided underneath. Unfortunately our strategy for growing one-layer graphene with this initial configuration preparation, does not work at all, for the C-rich bilayer was found to be unstable against crystalline structure even before the simulated annealing procedure. The second concerns the process of SiC decomposition to graphene formation. This is a very interesting issue that has attracted much interest of experimentalists working on graphene. The decomposition process of Si atoms as was done in many laboratory experiments is complicated in computer simulation for it requires taking into account Si diffusion at grain boundaries and defaults in the structure. The characteristic times in implementing the latter are longer than what one is capable to do with MD simulation. To perform this kind of simulation, the kinetic Monte-Carlo technique (see, for example, Refs. 55 and 56) is perhaps the proper tool to cope with this study. Such a simulation work is, however, beyond the scope of the present paper and it represents another line of attack in the graphene growth problem.
The voucher for a successful growth of multilayers of computer-simulated graphene depends, however, on the proper choice of prescribed separation distances between the C-rich monolayers, and between the latter, in particular the so-called buffer C-rich layers, and the substrate. To describe how we position the C-rich layers among themselves and relative to substrate, let us consider first the growth of one-layer graphene. In this case, we remove Si atoms from the top two SiC bilayers of 6H-SiC crystal and maintain the original separation of 1.896 Å between the top Si-monolayer of the remaining four-bilayer substrate and the (first) C-rich monolayer just next to it. Between this lower (first) C-rich monolayer and the one immediately above it, we allow the upper (second) Crich monolayer to drop freely towards the lower one. In this manner, the two C-rich monolayers now have an intra-layer separation of 0.624 Å instead of 1.896 Å initially. This procedure is a general prescription of distance for the successful computer-growth of multilayers of graphene: any set of two C-rich monolayers must lie to within 1 Å.
The same tactics is applied for growing two layers of graphene. Here, counting from bottom to top, the distance of separation between the C-rich monolayers second and third is 4.415 Å and those C-rich monolayer sets between the first and second as well as the third and fourth are both 0.624 Å. The latter two sets of C-rich monolayers lie also to within 1 Å. Note that for growing two layers of graphene the second and fourth C-rich monolayers occupy the original crystalline sites of Si atoms as in growing the one-layer graphene. In other words, each of the two sets of C-rich layers, the first and second or the third and fourth, when viewed in the direction of xy -plane, appears having a hexagonal structure with an average C-C bond-length of 2.895 Å. Perhaps worthwhile stressing here is the key factor that governs a successful growth of two-layer (or perhaps three-layer) graphene. It is associated with the adjustment of distance separating the two sets of C-rich bilayers (first-second and third-fourth). Conducting MD simulations by progressively changing the distance, say L, between the two sets of C-rich bilayers, and at each stage, we relax the whole system (C-rich monolayers plus remaining substrate) to a minimized energy state. We found that the same minimized energy state with L≡cc = 1.648 Å (see Table II) is always obtained when L falls within the range 0.3-1. 35 Å. This range of L values is much shorter than the original TABLE II. Distance parameters before and after minimization of 6H-SiC(0001) substrate before simulated annealing process for growing one-and two-layer graphene. The entities cc refers to distance of separation between two C-rich sheets and cs between first C-rich sheet (see text) and substrate for the case of studying one-layer graphene. For studying two-layer graphene, cc (upper) and cc (lower) have the same meaning as cc in the one-layer case of graphene except that they refer to upper and lower sets of C-rich layers, respectively. The cs in the case of two-layer graphene corresponds to separation between the first C-rich sheet and substrate and cc between the second-and third-layer of C-rich sheets (see text). At this point, the construction of initial configuration, i.e., the orthorhombic substrate with carbon monolayers on top of it, is so to speak completed and can be inserted into LAMMPS. In a first stage, it has to be relaxed towards a stable local state by means of a conjugated gradient minimization technique. 57 Table II gives more details of the change of distance parameters before and after the conjugated gradient minimization. Note in particular that the average C-C bondlength of intra-C-rich bilayer after relaxation is found to be 2.78 Å (in contrast to 2.895 Å before minimization) which is longer than 2.65 Å as reported by Tang et al. 40 We shall return to discuss this average C-C bond-length in Sec. III A 1.
D. Numerical procedure of the simulated annealing method
The simulated annealing method is used to determine the lowest energy configuration of the system. Details of the numerical procedure are summarized as following:
(a) As mentioned in the Introduction, we employ separately in our simulations the empirical potentials of Tersoff 49 and TEA 50 to describe the interatomic interactions of C-C and Si-C. Parameters associated with these potentials are given in Table I , and they are to be read together with Eqs. (1)- (9). (b) For 6H-SiC substrate covered by one or two C-rich bilayers as produced using the procedure described in Sec. II C, a relaxation is performed by using the conjugate gradient minimization technique. (c) The simulated annealing procedure is proceeded by MD simulation in the NVT ensemble using the NoseHoover thermostat with a time step t = 0.5 fs. Next, for growing one-layer graphene, we increase the temperature of the system at a heating rate of 1.2 × 10 14 K/s (half of this rate for multilayers of graphene) until T = 300 K, and at this temperature, the system is equilibrated for a time interval of 2 × 10 4 t. The stage is now set for raising the system's temperature to a desired T. For this process, we found that choosing a fixed heating rate of 5 × 10 13 K/s is well suited to the range of temperature investigated in this work. Equilibrium of the system for a total time steps of 6 × 10 4 t is performed immediately at the desired T and is followed subsequently by cooling the system at a rate of 5 × 10 13 K/s until T = 0.1 K.
III. RESULTS AND DISCUSSION
In this section, we report our computer-simulated graphene epitaxially grown on 6H-SiC(0001) substrate from one to two layers. In doing so, we first study the formation of one graphene layer which is the buffer layer only and then the formation of two layers of graphene with the one next to the Si surface the graphene buffer layer. Before displaying these results, it would be instructive, as an initial step, to first evaluate the reasonableness of the two empirical potentials used in the simulation.
A. Layer(s) of graphene grown on 6H-SiC
Binding energy of an infinite graphene sheet
Since the Tersoff or TEA potential is empirical, its potential energy surface is unique for given set of potential parameters such as those displayed in Table I . A first indication of the appropriateness of the two potentials employed here for growing epitaxial graphene is the relative values of the binding energy (per atom) E b for an infinite free graphene sheet which is characterized by a lattice constant a 0 . Guided by experiments, 35 we choose to vary a 0 in the range 2.3 ≤ a 0 ≤ 3.0 Å. The minimized E b s by conjugate gradient minimization 57 is depicted in Fig. 3 which we read to yield a 0 = 2.53 and 2.56 Å for the Tersoff and TEA potentials, respectively. These values differ from the recent tight-binding calculation of Reich et al. 51 and the very recent DFT calculation of Gan and Srolovitz 52 who obtained a 0 = 2.468 and 2.471 Å, respectively. While the Tersoff potential appears slightly better in giving the a 0 that agrees with ab initio calculations than TEA potential, one notices, however, that the TEA potential is relatively more attractive than the Tersoff potential for r > 2.6 Å (see the inset in Fig. 3 ). This characteristic feature of the TEA potential favors graphene formation since the average C-C bond-length of the initial configuration of Crich atoms, after relaxation, is calculated above to be 2.78 Å (see Sec. II C).
58 While this is a first indication that the TEA potential could be better for describing the high temperature graphene formation, further corroborations of its suitability in simulation works at different temperatures are necessary to confirm this feature. This is done in the following.
One-layer graphene: The buffer layer
We turn now to an examination of the 2D structure of graphene. In Fig. 4 we show the one-layer graphene that we grew successfully on the Si-terminated 6H-SiC(0001) substrate by employing the Tersoff and TEA potentials separately in MD simulations. For the temperature range shown, one recognizes easily that the one-layer graphene first comes into view at 1200 K for the TEA potential and 1400 K for the Tersoff potential. The annealing temperature 1200 K at which the graphene emerges is reasonable considering the somewhat mechanical way of our Si desorption in MD simulations where we create perhaps much more C atoms than the thermally decomposed Si in epitaxial experiments. The experimental findings of Hannon and Tromp 31 who observed graphene formation at step edges in prolonged annealing at 1298 K give further evidence, albeit indirectly. On the other hand, the threshold graphene formation temperature from using Tersoff potential is relatively higher having a comparatively smaller size graphene sheets with 9 hexagons contrasting to 75 from TEA potential (Fig. 4) .
Before moving on to see other structural quantities, there are two remarks worth mentioning. First is that our preparation of C-rich for the growth of graphene has led to graphene formation occurring at an annealing temperature comparatively lower according to the range of graphitization temperature reviewed by Hass et al. 59 The reason is because many processes are going on at high temperature annealing in ultrahigh vacuum environment such as the rate of Si desorption, Si atoms leaving the surface near the edge region,. . . , etc. and all of these graphitization conditions were not considered in our simulations and we have been (perhaps over-) simplified in the present simulation by creating our initial Crich bilayer as described in Sec. II C. Our MD simulations have in fact been inspired by the experimental work of Poon et al. 39 who made quantitative studies of the growth mechanisms of epitaxial graphene. The second remark is that the present work, being inspired by Poon et al. ' s comprehensive analysis of their experimental data, gives considerable details on the technical procedure for ensuring a successful growth of epitaxial graphene. In the course of analyzing the simulation data, the suitability of empirical potentials whose parameters J. Chem. Phys. were fitted to experimentally observed data was assessed, for they shed light on which interactions are important among C and Si atoms for the growth of graphene.
To quantify further the comparison between these two potentials, we depict the variation of the binding energy E b (per atom) during the equilibrium annealing period at 1200 K for Tersoff potential (Fig. 5(a) ), and 1100 ( Fig. 5(b) ) and 1200 K (Fig. 5(c) ) for TEA potential. One sees readily that at 1200 K the C bilayer obtained by the Tersoff potential remains in the crystalline state for the whole period of 6 × 10 4 time steps. In marked contrast, the E b calculated using TEA potential continues to stay in crystalline state at 1100 K (Fig.  5(b) ) which, however, undergoes abrupt decrease in energy at 1200 K after roughly 4 × 10 4 time steps (Fig. 5(c) ). This characteristic trait is a clear indication that the C bilayer has transformed at 1200 K to a single sheet of graphene. These results of Tersoff and TEA potentials confirm therefore the remark made on TEA potential in Sec. III A 1.
Although our present simulation strategy is not designed to generate a complete graphene sheet from triple-height steps (as reported in recent experiments 31, 39 ) at the initial stage of graphene formation, the temperature at which graphene structure emerges at 1200 K for the TEA potential is encouraging for it implies the reasonableness of our choice of the C-C interacting potential in simulation studies of graphene growth and, as will be seen below, is in fact the key factor in driving graphene formation. In Figs. 6 and 7, we present furthermore the average bond-length and binding energy 900 1200 1500 1800 2100
T (K) (per atom) E b for the two potentials. Notice the abrupt declines of and E b of C-C atoms for the TEA potential at T = 1200 K. In contrast, the same quantities for the Tersoff potential fall off less sharply and drastically. These scenarios can be understood from Fig. 4 where it can be seen that the Tersoff potential leads to a more broken graphene sheet morphology with small islands. The changes in and E b of C-C atoms suggest furthermore the existence of a threshold annealing temperature, say T tr , above which one would anticipate graphene formation. For the two cases studied here, the T tr for the TEA potential is unquestionably clear from Figs. 6 and 7 falling in the range 1100 < T ≤ 1200 K. The T tr for the Tersoff potential is somewhat ambiguous since both and E b of C-C atoms indicate 1400 < T ≤ 1500 K which differs from Fig. 3 where one sees a more broken graphene sheet structure that shows up at 1400 K. The reason lies in the criterion that we set ≤1.6 Å for a C-C bond in MD simulations. In view of this graphene panorama, we would tend to consider the 900 1200 1500 1800 2100
T (K) of carbon atoms obtained using TEA potential at different annealing temperature T (in units of Kelvin) for the one-layer graphene which emerges for T ≥ 1200 K. At T < 1200 K, it displays typical crystalline structure. (b) Same as Fig. 8(a) except that the MD simulations were done using Tersoff potential. The one-layer graphene emerges at T ≥ 1500 K. At T < 1300 K, it displays typical crystalline structure. Only few hexogons are seen at T = 1400 K.
graphene formation given in Fig. 3 for the Tersoff potential to be relatively less well-defined.
To give more evidence of our computer-grown graphene, it is instructive to compare the average bond-length in FIG. 9. Two-layer graphene overlaid on 6H-SiC(0001) obtained by simulated annealing method with TEA potential. In the second and third columns at the bottom corner on the right, the integer is the hexagon number. The first graphene "buffer" layer refers to one closest to the top surface of substrate and has an average distance of separation about 2.37 Å, and the second layer corresponds to one next to the first graphene layer and these graphene layers are separated by an average distance about 3.13 Å.
The g(r) in Eq. (10) describes a chosen ith atom that is placed at a specific position, say the origin, and with respect to which we seek the whereabouts of jth atoms which are present within a shell r whose center is at a distance r from the central atom i. The N ij is the number of such jth atoms within the shell. The calculation of g(r) runs through the total number n of all atoms i inside the total area of the simulation with ρ p defining the mean plane number density of carbon atoms. Since epitaxially grown graphene is generally undulated, 59 a more appropriate expression is the three-dimensional g(r) which can be calculated by replacing (2πr r) by (4π r 2 r), and ρ p by the mean volume number density. The quantity g(r) is again coded in LAMMPS software. We display in Figs. 8(a) and 8(b) the g(r) calculated using TEA and Tersoff potentials, respectively. The difference between the positions of the first peak of g(r) and averaging over the temperature range 1200 ≤ T ≤ 2000 K yields a value 0.01 Å for the TEA potential, whereas for the Tersoff potential it is 0.04 Å for temperature range 1500 ≤ T ≤ 2000 K.
Lastly we have examined the inter-planar distance between the graphene buffer layer and the 6H-SiC substrate. We found that the average distance of separation between the different fragments of this graphene layer and the substrate Si surface is 2.43 Å at 1200 K. This value is larger than the 2.0 ± 0.2 Å deduced from transmission electron microscopy experiment 35 and smaller than the 2.58 Å obtained by the DFT calculation of Mattausch and Pankratov. 61 In the latter simulation work, the authors describe quantitatively the strong covalent bondings between C atoms of graphene buffer layer and Si atoms on the substrate surface with the √ 3 × √ 3R30 o model. We should perhaps note also that in our MD simulations this inter-planar distance was found to exhibit a slight wavy temperature dependence.
Two-layer graphene
Coming to the two-layer graphene (Fig. 9) , the first feature that we notice straight away is the emergence of the two layers of graphene now occurring at a lower annealing temperature 1100 K with a of 1.55 Å for the first-layer graphene (just next to the substrate) and 1.49 Å for the secondlayer graphene, and their corresponding E b are −6.838 and −6.942 eV, respectively. As the annealing temperature increases, a close examination of Fig. 10(a) shows moreover that the second-layer graphene has a nearly constant with an average value of 1.49 Å and is thus generally more stable than the first graphene buffer layer whose average value is higher (1.516 Å). Figure 10(b) illustrates the change of E b with annealing temperature. The average E b is −6.995 eV for 1100 ≤ T ≤ 2000 K indicating again that the secondlayer graphene is relatively more stable compared with the graphene buffer layer (−6.970 eV) next to the substrate.
Last but not least we look at the inter-layer distance between the first graphene layer and the 6H-SiC substrate as well as that between the two graphene layers. As in the preceding case of one-buffer-layer graphene, the average distance of separation between the first graphene layer and the substrate surface is calculated to be 2.37 Å at 1100 K. At the same annealing temperature, this distance is much shorter than the inter-planar distance 3.13 Å between the two graphene monolayers. The latter bilayer is therefore weakly bound compared with the more tightly bound interactions between the first graphene buffer layer and the SiC substrate. In view of these characteristic features, the picture that emerges from our simulation results applying the TEA potential is that the formation of multilayers of graphene starts with a less well defined graphene buffer layer which is tightly bonded to the Si face of 6H-SiC substrate, whereas the second sheet of graphene is a better defined and weakly bound monolayer.
IV. CONCLUSIONS
Appealing to the Tersoff and a Tersoff-type empirical potentials in classical MD simulations, and in conjunction with the simulated annealing technique, we grew layers of graphene on the Si-terminated 6H-SiC surface. Through analyzing the structures of mono-and bi-layer graphene in terms of the carbon-carbon average bond-length, binding energy, and pair correlation function, we give much credence to the TEA potential of Erhart and Albe. Although the present simulation procedure is not designed to explain the scenario of pits formation as observed in epitaxial experiments, the annealing temperature that we obtained for graphene formation is of encouraging order (see Figs. 4 and 9 or Figs. 6 and 10(a) ). The relative areas of coverage of different graphene layers which shed light on the structural stability are consistent also with experiments, i.e., the first buffer layer is less stable in contrast to the second layer. The TEA potential reflects all these features nicely.
